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Abstract
Four advanced types of adsorbent beds were designed, investigated and compared to each other in a double-adsorber 
adsorption refrigerator. The four types of adsorbent beds were assembled by several vehicle radiators with two 
different sizes. A prototype of the adsorption refrigerator built up in our laboratory was used to test the 
performances of the adsorbent beds. Silica gel-water was used as the working pair. The length, width and thickness 
of the radiators were measured. The amount of adsorbent filled into these four types of adsorbent beds was recorded. 
The dead area volume was estimated. The coefficient of performance (COP) and specific cooling power (SCP) of 
the system were tested after utilizing the four types of adsorbent beds. The COP and SCP of the four types of 
adsorbent beds were estimated under the standard operating condition and optimized operating condition. A SCP 
and a COP of the small-radiator adsorbent beds with 198.4 W/kg and 0.30 were achieved under the optimized
operating condition with 480 s adsorption/desorption time, 90 s heat and mass recovery time, 9 L/min hot water and 
cooling water flow rate, 2 L/min chilled water flow rate, 16 ć chilled water inlet temperature, 90 ć hot water and 
25ć cooling water. Under the standard operating condition, the result showed that smaller dead volume leads to a 
slightly higher SCP. The adsorbent bed with smaller size radiator had a better heat and mass transfer ability and a 
higher SCP and COP could be achieved.
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1. Introduction
Nomenclature
COP coefficient of performance
cp,water isobaric specific heat capacity of water
ۦchill mass flow rates of chilled water
ۦhot mass flow rates of hot water
Qchill cooling output power
Qdes thermal input power
SCP specific cooling power
tcycle cycle time
Tchill,in inlet temperatures of chilled water
Tchill,out outlet temperatures of chilled water
Thot,in inlet temperatures of hot water
Thot,out outlet temperatures of hot water
W weight of the adsorbent in an adsorber
Climate changes such as global warming and potential shortage of fossil fuel thus increase in energy cost have 
motivated lots of industries and researchers to focus on the high efficiency and renewable energy technologies. 
Buildings are one of the major energy consuming elements in cities. For example, the energy consumed on buildings 
was about 90% of the total consumption in 2013 in Hong Kong. Besides, more than 30% of the consumption in 
buildings was spent on HVAC systems [1]. Vapor compression refrigerators are the most widely used refrigeration 
systems all over the world. However, operating a vapor compression refrigerator would not only consume a lot of 
electricity, which is carbon unfriendly, but also have negative effect on the ozone layer because of the Freon 
refrigerants. Bearing these consequences, a lot of industries and researchers pay attention on an innovative, reliable, 
low pollution and lower energy cost refrigeration systems. Adsorption refrigeration system which is driven by low 
grade heat sources, such as solar energy and waste heat, could satisfy the requirements [2]. Comparing to vapor 
compression refrigeration systems, adsorption refrigeration systems have two major advantages. First of all, very 
small amount of electricity is required to drive the adsorption refrigeration systems. Carbon dioxide emission, 
electricity consumption and cost could be reduced [3]. Second, pollution free refrigerants such as water and 
ammonia are used in the systems. These refrigerants have zero ozone depletion potential compared to Freon [4]. 
Researchers have been studying the technologies of adsorption refrigeration systems since the Energy Crisis in 
the 1970s. However, the adsorption refrigeration systems using solid adsorbents have not received much attention 
compared to the absorption refrigeration systems using liquid adsorbents. Nowadays, more and more industries and 
researchers are interested in adsorption refrigeration systems. However, the efficiency for adsorption refrigeration 
systems is still unsatisfied and there are some technical problems that need to be solved. For example, bulky size of 
the system, unsteady chilled water temperature delivered by the system and complicated system operating sequences 
optimization. There are also some application issues such as steady heat source supply and compact structure design. 
New technologies are needed solve the problems. Adsorber is a key component in an adsorption refrigeration system
to improve the system’s performance. Researchers have been improving the adsorber for a long time. Maier-
Laxhuber and Engelhardt developed an adsorber with adsorbent coating on the metallic surface [5]. The adsorption 
rate of water vapor was increased by more than 5% under 20 mbar in 30 minutes. Saha et al. developed a four beds 
adsorber with a cooling power of 3.2 kW and a COP of 0.36 was recorded [6]. Xia et al. developed an adsorber with 
composite alternative heat pipe to adopt seawater as cooling water to save electricity [7]. Nagshima and Takeuchi 
designed an adsorber which was made of stainless steel instead of aluminum, so that the hydrogen gas production
could be prevented. The heat transfer resistance on the heat exchange surface was also decreased [8]. Wang et al. 
improved the adsorbent container [9]. A metal tube with fins was used as adsorbent bed and multiple tubes could be 
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combined together to fill different requirements in different adsorption refrigeration systems. Li and Wang used 
multi-adsorber in the adsorption refrigeration system [10]. They have created a higher internal heat and mass 
transfer as well as enhanced heat transfer between the adsorber and heat transfer fluid. Wang et al. developed an 
adsorber with fluidized-beds [11]. The average variation rate of adsorbate was increased by 630% compared to the 
conventional fixed adsorbent beds. Zhu et al. invented an adsorber with multi-chamber adsorbent beds [12]. The 
capacity of adsorber was increased by 40% compared to the vehicle radiator while the heat transfer ability was not 
satisfied [13].
Whilst there are many researchers studied and improved the adsorber in the adsorption refrigeration system, there 
are more work could be done. This study aims at building a two-adsorber adsorption refrigeration system using 
vehicle radiators as the adsorbent bed. The performance of four different types of adsorbent beds utilizing two 
different vehicle radiators was investigated to find out the effect of the size of the vehicle radiator on the 
performance. The effect of dead volume on the performance was investigated by changing the number of vehicle 
radiators in the adsorber. Silica gel – water was used as the adsorbent – adsorbate working pair. 
2. Methods
In this study, a two-bed adsorption refrigeration system using silica gel – water as the adsorbent – adsorbate 
working pair and using vehicle radiators as the adsorbent bed was developed. There were four key components of 
the adsorption refrigeration system, which were the adsorber, the adsorbent – adsorbate working pair, the evaporator 
and the condenser. Figure 1 shows the schematic design of the adsorption refrigeration system. 
The working principle of an adsorption refrigeration system is that refrigerant (water) could evaporate rapidly in 
a low pressure environment which could produce cooling effect. Adsorbent (silica gel) in an adsorber adsorbs the 
adsorbate (water vapor) from an evaporator, which is under low pressure environment. The refrigerant in the 
evaporator continuously evaporates to produce cooing effect. When adsorbent absorbs, adsorption heat will be 
generated. Supply of cooling water is required to remove the heat. After the adsorbent is almost full with adsorbate, 
desorption process will be conducted. Hot water will be supplied to the adsorbent and the adsorbent will desorb the 
adsorbate. The pressure of the adsorber under desorption process (desorber) is higher than that of the condenser and 
the desorbed adsorbate will flow automatically from the desorber to the condenser, condense in the condenser, and 
then returns to the evaporator by the gravitational effect and the pressure difference between the condenser and 
evaporator. The thermodynamic cycle for both the adsorption and desorption process is then completed. Two 
adsorbers of the adsorption refrigeration systems work alternatively in order to produce the continuous cooling 
effect. 
Fig. 1 shows the front view and back view of an adsorption refrigeration system built in the Building Energy 
Research Center of Guangzhou HKUST Fok Ying Tung Research Institute. The main components of the adsorption 
refrigeration system were a water-cooled condenser, an evaporator, two adsorbers and an overall controller and a hot 
water tank. There were two external components which were an air outlet and a cooling water tower. The air outlet 
was located in a hermetic testing room. The chilled water was supplied to the air outlet and to cool down the air in 
the testing room. The cooling water tower was used to supply cooling water to the adsorption refrigeration system 
and was located outdoor. Two electrical immersion heaters with the power of 2 kW and 1 kW were inserted into the
hot water tank. They were used to generate the heat to the adsorber for the desorption process. Both electrical 
immersion heaters were controlled by the controller to create a relatively steady desorption temperature during the 
experiment.
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(a)                                                                             (b)                                                        
                                                                                                   
Fig. 1. (a) The front view; (b) back view of the adsorption refrigeration system.
Adsorber is one of the most important elements of an adsorption refrigeration system and it is the main focus in 
this study. The size of the adsorber is 600 mm × 390 mm × 390 mm. The adsorbent bed in the adsorber was 
regarded as a heat exchanger. The vehicle radiator was one of the choices used as the adsorbent bed. The 
adsorbents were put in between the fins of the radiator. The radiator had to be covered by a stainless steel metal 
screen mesh with a nominal pore size of 250 microns to prevent the adsorbent leakage from the radiator. A metal 
frame was used to hold the mesh in places. Fig. 2 showed a raw radiator and a radiator covered by stainless 
steel metal mesh and metal frame.  
 
                                   (a) (b)
Fig. 2. (a) A raw radiator; (b) a radiator covered by stainless steel metal screen mesh and metal frame.
In this study, two types of vehicle radiators were used to test the effect of the size of the vehicle radiator on the 
performance. As shown in Fig. 3, the size of the larger vehicle radiator covered with metal mesh and frame was 410 
mm × 365 mm × 30 mm and that of the smaller one was 240 mm × 170 mm × 30 mm. The distance between fins of 
two radiators was 1.5 mm. Figure 4 shows a photograph of two different size radiators. 1000 g of adsorbent could be 
filled in the larger radiator, while 300 g of adsorbent could be filled in the smaller one. The particle size of the 
adsorbent ranged from 0.5 to 1 mm. During the experiment, 4 different types of assemblage method were 
investigated. First, 6 large size radiators were assembled as an adsorbent bed and put into the adsorber. The 6 
radiators were connected in series. A total of 6 kg of adsorbent could be filled in an adsorbent bed. Second, 7 large 
size radiators were assembled as an adsorbent bed and put into the adsorber. The 7 radiators were connected in 
series. A total of 7 kg of adsorbent could be filled in an adsorbent bed. Third, 8 large size radiators were assembled 
as an adsorbent bed. The 8 radiators were connected in series as well. A total of 8 kg of adsorbent could be filled in 
an adsorbent bed. Finally, 12 small size radiators were assembled as an adsorbent bed. Every two radiators were 
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connected in series and regarded as a unit. 6 units were connected in parallel. A total of 3.6 kg of adsorbent could be 
filled in an adsorbent bed.
Fig 3. The larger size radiator and the smaller size radiator
3. Resutls
Fig. 4 shows the temperature profiles of the heat transfer fluid under a typical operating condition. The thermal 
input power was calculated by the hot water inlet and outlet temperature of the hot water tank. The heat loss from 
the system to the ambient environment was included in the calculation. The chilled water outlet temperature is 
always below the inlet temperature. It shows that the cooling effect is steadily.
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Fig. 4. Temperature profiles of the heat transfer fluid at different locations
As shown in Table 1, the performance of 4 types of adsorbent beds were investigated under the operating 
condition with 90 oC hot water inlet temperature, 25 oC cooling water inlet temperature, 16 oC chilled water inlet 
temperature, 9 L/min hot water and cooling water flow rate, 2 L/min chilled water flow rate, 660 s 
adsorption/desorption phase time and 120 s heat and mass recovery time. 
Table 1. Performance of the adsorption refrigeration system with different types of adsorbers
Types Description Dead Volume SCP (W/kg) COP
1 6 large radiators 70.5% 140.1 0.26
2 7 large radiators 65.6% 145.1 0.26
3 8 large radiators 60.6% 150.2 0.27
4 12 small radiators 65.7% 169.0 0.28
The four types of adsorbent beds were tested under the same operating condition. However, the performance of
system could be improved by optimizing the operating condition. The operating condition in the previous study was 
used as the standard operating condition. Various operating conditions, which were shown in Table 2, were 
investigated to find out the optimized operating condition of Type 2 and Type 4. During the optimization, cooling 
water inlet temperature, chilled water inlet temperature, hot water flow rate, cooling water flow rate and chilled 
water flow rate were remained the same with the standard operating condition.
Table 2. Various operating conditions
Hot Water Inlet Temperature (oC) Adsorption/Desorption Time (s) Heat and Mass Recovery Time (s)
85 720 180
80 600 150
75 540 90
70 480 60
65 420 30
The optimized operating condition of Type 2 was 90 oC hot water inlet temperature, 660 s adsorption/desorption 
phase time and 120 s heat and mass recovery time. The SCP and COP were 145.1 W/kg and 0.26, respectively. The 
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optimized operating condition of Type 4 was 90 oC hot water inlet temperature, 480 s adsorption/desorption phase 
time and 90 s heat and mass recovery time. The SCP and COP were 198.4 W/kg and 0.30, respectively. Compared 
to the performance under standard operating condition, SCP and COP were improved by 17% and 7%, respectively.
4. Equations
Equation (1) is used to calculate the coefficient of performance (COP) of the adsorption refrigeration system:
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where Qchill represents the cooling output power, Qdes represents thermal input power and tcycle represents the time
required for the adsorption refrigeration system to finish a complete cycle respectively. The cooling output power
and thermal input power are calculated by equation (2) and equation (3) below:
)( ,,, outchillinchillwaterpchillchill TTcmQ   (2)
where ۦchill represents the mass flow rates of the chilled water, cp,water represents the isobaric specific heat 
capacity of water, Tchill,in and  Tchill,out represent the inlet and outlet temperatures of the chilled water respectively; and 
)( ,,, outhotinhotwaterphotdes TTcmQ   (3)
where ۦhot represents the mass flow rates of the hot water, Thot,in and  Thot,out represent the inlet and outlet 
temperatures of the hot water, respectively.
Equation (4) is used to calculate the specific cooling power (SCP) of the adsorption refrigeration system:
W
QSCP chill (4)
where W represents the weight of the adsorbent in an adsorber. 
5. Discussion
As shown in Table 1, the dead volume was decreased by 5% when one more radiators utilized in the adsorber and 
the SCP was increased by about 3.5%. It was shown that the amount of dead volume would affect the performance 
of the system. Less dead volume led to a better performance of the adsorption refrigeration system. When the dead 
volume was larger, more water vapor was stored in the adsorber, more energy was wasted and the vapor diffusion 
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was slower. During desorption phase, a longer time was required for the water vapor to flow into the condenser.  
During the heat and mass recovery phase, it was more difficult to reach the mass balance between the two adsorbers. 
Under the same adsorption/desorption phase time and heat and mass recovery time, the performance of the system 
with the large dead volume adsorber would be slightly lower because of the low condensation rate and poor mass 
transfer rate. 
Even though the dead volume of Type 2 and 4 was similar, the SCP of Type 4 was 16.5% higher compared to 
Type 2. The SCP of Type 4 would be even higher after optimization. The smaller size radiators and parallel 
connection method of Type 4 led to the higher heat and mass transfer ability of the adsorbent bed. The adsorbent 
could be heated up or cooled down easily in desorption or adsorption phases. The adsorbent which was far away 
from the fins could be heated up in a short time so that more water vapor was desorbed during the desorption phase. 
During the heat and mass recovery, more energy could be recovered and more water vapor would flow from the 
high pressure adsorber to the low pressure adsorber. The higher heat and mass transfer and less adsorbent amount in 
the adsorbent bed of Type 4 led to a shorter optimized adsorption/desorption phase time and heat and mass recovery 
time. It means that the produced cooling effect would be steadier.
In future studies, more experiments data are required to show the clear picture of the relationship between the 
dead volume and the performance of the system. For example, more types of adsorbent beds and different size 
adsorbers with the same adsorbent bed should be investigated.
6. Conclusion
The dead volume in an adsorber will affect the performance of the adsorption refrigeration system. The 
performance of the refrigeration system will be better if the dead volume inside the adsorber become smaller. The 
adsorbent bed assembled by suitable size radiators has a better performance than that of radiators of larger size
because of the better heat and mass transfer ability. The performance of the adsorption refrigeration system has a 
significant improvement by increasing the heat and mass transfer ability of the adsorbent bed instead of decreasing 
the dead volume in the adsorber. 
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